ABSTRACT: Aiming to unravel the relationship between chemical configuration and electronic structure of sp 3 defects of aryl-functionalized (6,5) single-walled carbon nanotubes (SWCNTs), we perform low-temperature single nanotube photoluminescence (PL) spectroscopy studies and correlate our observations with quantum chemistry simulations. We observe sharp emission peaks from individual defect sites that are spread over an extremely broad, 1000− 1350 nm, spectral range. Our simulations allow us to attribute this spectral diversity to the occurrence of six chemically and energetically distinct defect states resulting from topological variation in the chemical binding configuration of the monovalent aryl groups. Both PL emission efficiency and spectral line width of the defect states are strongly influenced by the local dielectric environment. Wrapping the SWCNT with a polyfluorene polymer provides the best isolation from the environment and yields the brightest emission with near-resolution limited spectral line width of 270 μeV, as well as spectrally resolved emission wings associated with localized acoustic phonons. Pump-dependent studies further revealed that the defect states are capable of emitting single, sharp, isolated PL peaks over 3 orders of magnitude increase in pump power, a key characteristic of twolevel systems and an important prerequisite for single-photon emission with high purity. These findings point to the tremendous potential of sp 3 defects in development of room temperature quantum light sources capable of operating at telecommunication wavelengths as the emission of the defect states can readily be extended to this range via use of larger diameter SWCNTs.
M aterials scientists and chemists intentionally incorporate impurities and defects as a powerful tool for modification of electronic and optical properties of host materials. 1 In semiconductor nanostructures, this approach can be used to introduce optically active quantum states that enable a wide range of novel functionalities. For example, doping of quantum dots and quantum wells with Mn 2+ enables spin-electronics and spin-photonics. 2 Rare-earth-doped nanocrystals also facilitate new developments in displays, solid-state lasers, catalysis, and biological labeling. 3 Nitrogen and silicon vacancy centers introduced into diamond and SiC hosts have also brought transformational advances in applications ranging from ultrasensitive sensing of electric/magnetic fields to realization of quantum computing and communication technologies. 4−6 Recent studies have shown that such introduction of quantum states is also possible in semiconducting single-walled carbon nanotubes (SWCNTs) through low-level covalent attachment of various chemical functional groups such as ether/epoxide 7−10 and a variety of monovalent and divalent alkyl and aryl functionalities with varying complexities introduced through versatile diazonium and halide reactive groups. 11−14 While the molecular structures of functional groups vary widely, all of these lead to creation of sp 3 defects that strongly localize the band-edge excitons into quantum states located 100−300 meV below the first bright band-edge exciton level (E 11 ). 7−15 While most defects of SWCNTs are typically known for quenching photoluminescence, these quantum states of the sp 3 defects, which we will refer to as quantum defects or defect states, can enhance SWCNT emission efficiency by more than an order of magnitude (from <1% up to 28%). 8, 11 Such dramatic enhancement makes envisioned applications of SWCNTs in optoelectronics, sensing, and imaging technologies more feasible. Furthermore, due to their introduction of a very deep confinement potential, these defect states are also expected to maintain their quantum mechanical characteristics, such as single-photon emission, up to room temperature. In line with this expectation, room temperature single-photon emission 16 and tunability of this quantum light emission to 1.55 μm, 17 were recently demonstrated. This unique property of quantum defects in SWCNTs, together with their compatibility with Si-based nanodevice fabrication technology, 10, 18, 19 opens a new path to realize room temperature single-photon sources operating at telecommunication wavelengths that are critically needed for applications in quantum communications.
Realization of this tremendous potential demands a detailed understanding of the electronic structure and chemical nature of these defect states. So far, such understanding has been attained only for a small subset of quantum defects, namely, those introduced by attachment of ether and epoxide functional groups. 7, 8, 20 Among the growing number of defect varieties, attachment of aryl groups (e.g., benzene, 4-bromobenzene, 4-methoxybenzene, 3,5-dichlorobenzene, etc.) via diazonium chemistry has attracted significant attention from chemists. 11, 21 An advantage of such functionalization is that the reaction chemistry is easy to implement and control, while providing significant room for synthetic modification of the defect-state properties to tune emission energies and directly pair the exciton localization properties of the defect site with multifunctional behaviors such as associated sensing capability. 15 Beyond the monovalent aryl diazonium agents, several additional classes of monovalent and divalent alkyl and aryl iodide and more complex aryl defects have been introduced. 12−14 This variability has in turn led to a diversity in optical behavior of defect states. The series of aryl and alkyl iodide agents introduced by Kwon et al.
14 generates defect-state spectra dominated by a single emission band spanning between 1100 and 1170 nm for (6, 5) SWCNTs. In contrast, both complex divalent diazonium species 13 and alkyl bromide agents 12 are found to introduce two emission bandsthe first between 1100 and 1170 nm and a second emission band with a larger red shift at 1220−1290 nm. Different structures modulate the relative intensities of the two observed defect bands, for which the lower energy state can dominate the spectrum in some cases. 12, 13 Spectra for monovalent aryl defects initially appear as simple single-peak features, but closer inspection reveals the appearance of deeper states, although with relatively weak intensity. 11, 22 The origins of these multipeaked spectra are yet to be rationalized by establishing important links relating electronic properties of the functional groups to their respective surface chemistries. Here, the monovalent aryl defects serve as a useful model system for such studies.
This rich chemical diversity and complex electronic structure presents an exciting opportunity, not only to manipulate the energy of the defect states but also to define the complexity of their excitonic and spin fine structure to accommodate spintronic 2 and quantum technology applications. 23, 24 Harnessing this potential requires a detailed understanding of the relationship between chemical binding configuration and electronic structure of functionalized SWCNTs. The fundamental characteristics of optical transitions such as intrinsic shape and widths of spectral lines also must be determined in correlation with electronic structure and chemical configuration. Because of inhomogeneous and thermal broadening effects, these intrinsic characteristics of defect states cannot be attained in conventional optical spectroscopy studies performed on solution-suspended functionalized SWCNT ensembles.
To this end, we have performed low-temperature photoluminescence spectroscopies on individual aryl defect states created on (6,5) SWCNTs through diazonium functionalization chemistry and correlate the results with excited-state electronic structure simulations. The experiment reveals sharp PL peaks that are inhomogeneously distributed over a very wide, 1000−1350 nm, spectral range. Simulations for (6, 5) SWCNTs functionalized with monovalent aryl groups identify 6 topologically distinct binding configurations, each having unique electronic structure and emission wavelength. Based on a qualitative correlation between the spectral ranges of the experimentally observed PL peaks and the energy distribution of calculated emissive states, we attribute the existence of 6 distinct binding configurations as the source of the observed inhomogeneous distribution. We also have observed that wellisolated quantum defect states created in PFO-BPy-wrapped SWCNTs can emit near resolution-limited emission lines with a full-width at half-maximum (fwhm) as narrow as 270 μeV, with well-resolved acoustic phonon wings. The narrow line width and the emission energy distribution of defect states are found to be highly dependent on the dielectric environment. These findings, together with those reported for quantum states of oxygen-functionalized SWCNTs in prior studies, 7, 10, 16, 25 lay a foundation toward building a generalized understanding of the emergence of novel optical behavior from quantum defect states, which can be created via multiple chemical functionalization routes.
12−14 Such understanding could lead to a rational strategy toward controllable creation and manipulation of individual covalent quantum defects with desired optical functionalities.
RESULTS AND DISCUSSION
In order to attain a comprehensive understanding of optical characteristics and their dependence on environment, we performed our single tube spectroscopic studies on aryl defect states in different environments. Specifically, defect states were introduced on sodium deoxycholate (DOC) and polyfluorene polymer (PFO-BPy)-wrapped (6,5) SWCNTs. A conventional aqueous solution-phase diazonium-based functionalization process was utilized to introduce two different types of aryl functional groups (4-methoxybenzene and 3,5-dichlorobenzene) onto DOC-wrapped SWCNTs. 11, 22, 26 For PFO-BPywrapped SWCNTs, which are not amenable to the solutionphase process nor to functionalization with the 4-methoxybenzene diazonium reagents, we developed a dip-doping approach to introduce 3,5-dichlorobenzene aryl groups, as described in detail in the Methods section. The functionalized SWCNTs are spread on varying substrates, including glass coverslips, coverslips spin-coated with a 160 nm polystyrene layer, and sandwiched between two polystyrene layers placed on top of a coverslip with a density of ∼1 nanotube/4 μm 2 . Low-Temperature Photoluminescence (PL) Spectroscopy of Individual PFO-BPy-Wrapped 3,5-Dichlorobenzene-Functionalized SWCNTs on Glass. Figure 1a shows nine single SWCNT PL spectra out of more than 60 investigated. The average of all 60 spectra is displayed in comparison with an ensemble PL spectrum taken from a film of functionalized SWCNTs at room temperature (RT) in Figure  1b (black and green, respectively) . The RT ensemble spectrum shows E 11 exciton emission around ∼1000 nm and the main defect-state emission peak at 1160 nm with a tail extending toward 1300 nm. While individual unfunctionalized SWCNTs display a single sharp isolated E 11 exciton emission peak (see Figure S2 of Supporting Information of ref 7) , low-T PL spectra for individual functionalized SWCNTs (Figure 1a) show multiple sharp peaks that are distributed throughout the 1000−1350 nm spectral range. Each of the peaks is found to be in a similar range of PL intensity, irrespective of their emission wavelength. As a result, an accumulated average of these single tube spectra reflects the distribution of the PL peak density that we observe. Furthermore, this peak distribution appears very broad and nearly featureless, as shown in Figure 1b (black line). This broad inhomogeneous distribution stands in contrast with that reported for oxygen-functionalized SWCNTs, for which three inhomogeneous peak distributions could readily be resolved. 7 In the oxygen case, each distribution could be directly associated with quantum states of three distinct oxygen functional groups. This contrast in spectral behavior provides some indications that attachment of aryl groups may create a larger number of energetically distinct quantum states than in the case of oxygen functionalization.
Quantum Chemistry Simulations. In order to attain further insight into this spectral diversity, we performed electronic structure calculations using density functional theory (DFT) and time-dependent DFT (TD-DFT) (see Methods). In brief, DFT simulations provide us with energies and geometric structures at the ground state, whereas TD-DFT modeling evaluates the same quantities for electronically excited states and evaluates spectroscopic properties. Covalent attachment of an aryl group (here only 4-bromobenzene is considered for simplicity) leads to an intermediate in which the bound aryl group is accompanied by a reactive electron located on a nearby SWCNT carbon atom. In our aqueous environment, this excess site likely captures a proton resulting in overall divalent binding, where two carbons on the SWCNT surface formally adapt sp 3 conformation and the entire tube preserves a neutral closed shell configuration. This leads to the possibility of several binding sites of both aryl and hydrogen (aryl-H) attached to the same carbon ring on the (6,5) sidewall. The bound proton can be located either adjacent to the site of the initial aryl addition ("ortho") or three carbon atoms away ("para") (see Figure 2a) , leading to six chemically distinct aryl-H configurations. The configurations marked as "meta" (i.e., two carbons away) are not plausible due to the lack of a reactive intermediate with a deficit of charge density on the "meta" position with respect to the aryl binding site, as well established in aromatic reaction chemistry. They are therefore precluded from consideration. Our previous simulations 20, 21 show that any alternative binding configurations other than discussed above, result in multiple optically inactive low-energy transitions across the gap, precluding appearance of emissive species. A similar situation holds for all monovalent intermediates with unpaired reactive electron(s) lacking binding to a proton. Therefore, only 6 aryl-H configurations with both functionalized sp 3 carbons located at the same sixmembered ring of the SWCNT are considered in this study.
Our quantum chemical calculations reveal that these 6 aryl-H configurations are different chemical species in terms of the interaction strength between the functional group and the tube surface, as well as in terms of electronic structures and optically allowed transitions, which ultimately define the observed emission properties. Specifically, as shown in Figure 2a least stable structure is ParaL −30 (see Figure S1 , Supporting Information). As it is known that aryl diazonium salts have very complex chemistry in solutions due to the variety of reaction pathways with a large number of potential intermediate products, 27−29 we assume that all six configurations can take place and coexist in experimental samples.
The 4-bromobenzene considered for our calculation differs in chemical group attached to the benzene ring from the 4-methoxybenzene and 3,5-dichlorobenzene used in our experiments. Slight differences in electronegativity associated with each of the substituents is expected to introduce only minor differences in the electronic structure of each specific defect type, 11 due to the nonpolar character of the SWCNT. In fact, recent PL studies on solutions of 4-methoxybenzene and 3,5-dichlorobenzene-functionalized (6,5) SWCNTs show defectstate emission peaks that are shifted from one another by only 10 meV. 22 Furthermore, our additional simulations for variations of the chemical structure of the functional group (presented in the Supporting Information: pristine aryl vs 4-bromobenzene in Figure S2 and hydrogen vs hydroxide in Figure S3 ) demonstrate minimal uniform shifts of the HOMO−LUMO gap and optical spectra by not more than 10 meV for all considered defect conformations (see technical details in Methods). Therefore, 4-bromobenzene is a representative model for comparison to the experimental systems.
Using TD-DFT, we simulate absorption spectra and optimize the lowest-energy state to evaluate emission energy, oscillator strengths, and redistribution of the transition density reflecting the spatial extent of the respective excitonic states. It is wellknown that the absolute values of these observables are sensitive to the density functional and the basis set, while the qualitative trends are typically method independent. 30 We have used the long-range corrected functional CAM-B3LYP that reasonably reproduces the essential excitonic physics in carbonbased low-dimensional materials, while it tends to overestimate the absolute transition energies. 31, 32 Furthermore, confinement effects, due to the necessity of modeling a finite length of SWCNT (∼12 nm), also introduce an additional blue-shift of the calculated transitions, compared to those of the μm long counterparts used in our experimental samples. Thus, to directly compare experimental and calculated optical spectra, we have scaled the calculated absorbing as well as emissive transition energies (e.g., Figure S4 , Supporting Information) using our experimental value for the E 11 transition energy as the reference point, as described in detail in the Methods and Supporting Information. 30 , and ParaL −30 , respectively. Their oscillator strengths slightly decrease as their energy red shifts from the E 11 band-edge exciton (this energy difference is dubbed the trapping energy). The delocalization of the transition density, reflecting the exciton wave function spread over the nanotube, follows the same trend of decreasing with increasing trapping energies, as illustrated in Figure S5 , Supporting Information. This increasing exciton localization with an increased trapping energy explains the slight, concomitant reduction of the oscillator strength. Incorporation of environmental effects into our calculations at the level of the Polarizable Continuum model (PCM) 33 leads to 10−30 meV shifts for the optical transitions ( Figure S6 , Supporting Information). While this shift is uniform and systematic for the SWCNTs in different solvents, it gives rise to an inhomogeneous distribution in our single tube experiment because the dielectric environment of individual tubes is known to vary widely from one to another due to substrate interactions. Our prior study showed that this effect can introduce inhomogeneous broadening up to 60 meV in fwhm of oxygen defect peak distributions. 7 Assuming that the inhomogeneous distribution is similar in the case of aryl functionalization, we overlaid such a Gaussian broadening on the distribution of emission peaks expected to be observed for our calculated transitions in Figure 2c as the dashed lines.
The theoretically simulated emissive states spread over a wide wavelength range, from 1000 to 1400 nm. This spread is in qualitative agreement with the spectral diversity of PL peaks observed in Figure 1 (1000−1350 nm). This qualitative agreement leads us to conclude that the observed spectral diversity is a direct consequence of the existence of the expected six distinct chemical configurations. Furthermore, while the noted limitations of the calculation and the existence of an inhomogeneous distribution for each emissive state prevent us from unambiguously assigning an observed PL peak to a specific transition, we can tentatively attribute defect peaks appearing in the 1000−1080 nm range (blue band in Figure 1 ) to the ParaL 30 and OrthoL −30 transitions, those in the 1080 to 1190 nm range (green band) to the OrthoL 90 transition and those beyond the 1190 nm range (yellow band) to the ParaL 90 , OrthoL 30 , and ParaL −30 transitions, respectively. For features appearing within the blue band, it is important to note that the E 11 band-edge exciton emission (∼980−1030 nm) also likely overlaps this region, thus complicating assignment of features at the short-wavelength edge of this range. The shape of the average PL spectrum indicates that while all six configurations are likely to occur and contribute to PL emission, defects with deeper trapping energies (i.e., ParaL 90 , OrthoL 30 and ParaL −30 ) occur at lower probability compared to the others. The observation that a single tube can display multiple sharp peaks that fall in the spectral bands of the transitions predicted for different aryl-H configurations (e.g., top 3 spectra of Figure 1a ) indicates that multiple aryl-H sites, each with a different binding configuration, can coexist on a given nanotube within the <1 μm spatial resolution of our experiment. Because only 5−6 peaks maximum are observed per nanotube, individual defects could still be separated by hundreds of nm, which presumes vanishing interdefect interactions to influence spectra.
Influence of Dielectric Environments. In order to investigate the influence of the dielectric environment upon optical characteristics of the quantum defects, we extended our studies to DOC-wrapped SWCNTs, which are functionalized with 4-methoxybenzene and placed in three different environments: spread directly on a glass substrate (Figure 3a,b) , on a 160 nm thick polystyrene film (Figure 3c,d) , and completely encapsulated in polystyrene (Figure 3e,f) , respectively. For comparison, a typical solution-phase, RT, PL spectrum of doped SWCNTs in 1% aqueous DOC is shown in Figure 3b (green line). The solution spectrum shows a strongly suppressed E 11 emission peak at ∼1000 nm and the main defect emission peak at ∼1160 nm with a tail extending to 1300 nm. Importantly, our data reveal that each dielectric environment leads to a unique spectral composition, with the emission of peaks in particular spectral ranges being more pronounced in certain environments. While a large number of PL peaks appear in the 1080−1190 nm green spectral band, tentatively matching the OrthoL 90 aryl-H configuration in all three environments (Figure 3 ), the population of PL peaks in other spectral bands Figure 3 . Low-temperature PL spectra of 9 individual DOC-wrapped 4-methoxybenzene-functionalized SWCNTs deposited directly on glass (a), on 160 nm thick polystyrene layer (c), and sandwiched between two polystyrene layers (e), and average spectra (b,d,f) calculated from 40, 39, and 40 functionalized SWCNTs of (a,c,e), respectively. Room temperature, solution-phase PL spectrum of functionalized SWCNT in 1% aqueous DOC is plotted in (b) as a green line. Blue, green, and yellow spectral bands of Figure 2 are overlaid on the spectra. The data for the 4-methoxybenzene aryl group instead of the dichlorobenzene aryl group were chosen to show that the observed environmental effect and broad spectral diversity is a general result for the entire class of aryl sp 3 defects. A control experiment with dichlorobenzene-functionalized SWCNTs (displayed as Figure S8) shows similar results.
varies with the environment. Specifically, when the SWCNTs were spread directly on glass, only one of 50 PL peaks observed from 40 individual SWCNTs showed emission in the yellow band beyond 1190 nm that could be attributed to the ParaL 90 , OrthoL 30 , and ParaL −30 aryl-H configurations ( Figure S7b) . PL peaks of all the SWCNTs also exhibit significantly lower intensity compared to those observed in the other two experiments. As a result, the average spectrum shows a single peak in the green band (Figure 3b ). For SWCNTs spread on a 160 nm thick polystyrene film, ∼15 out of 46 PL peaks observed from 39 SWCNTs displayed strong and sharp emission peaks in the yellow band of the ParaL 90 , OrthoL 30 , and ParaL −30 aryl-H configurations (3 bottom spectra of Figure  3c and Figure S7c ). For 40 SWCNTs fully encapsulated in polystyrene, while the largest number of PL peaks were still observed in the green band, coinciding with the OrthoL 90 aryl-H band, PL peaks in the 1000−1080 nm blue band, attributable to the OrthoL −30 and ParaL 30 aryl-H configurations (first−third and eighth spectra from top of Figure 3e and Figure S7d) , as well as those in the yellow band of the ParaL 90 , OrthoL 30 , and ParaL −30 transitions, become observable. Measurements performed on 3,5-dichlorobenzene-functionalized SWCNTs sandwiched between two polystyrene layers also yield results ( Figure S8 ) very similar to those displayed in Figure 3e ,f. These findings are consistent with prior room temperature PL studies of aryl-functionalized SWCNT solutions showing that changing of the specific aryl functional group has only a minor impact on the optical characteristics of the defect states. 11, 22 They, furthermore, show that broad spectral diversity originated from 6 binding configurations (and associated emitting states) is a general result for the sp 3 aryl defects. Because the 1080−1190 nm band of the OrthoL 90 transition appears predominantly in all three environments, as well as in RT solution spectra (Figure 3b , green line), we can conclude that the solution doping approach preferentially creates the OrthoL 90 aryl-H configuration. This specifically suggests that the surface structures generated by surfactants (e.g., SDS and DOC) create some degree of selectivity or preference for specific binding configurations. The significant difference in appearance of PL peaks in other emission bands, on the other hand, indicates that the dielectric environment affects the relative emission intensities arising from each type of aryl-H quantum defect in each experiment of Figure 3 . Such a result could arise if the functionalized nanotube samples contain different ratios of aryl-H configurations. We can, however, rule out this possibility since all samples studied in Figure 3 were generated from the same solution of functionalized SWCNTs. As the three experiments differ only in the environment in which the samples are deposited, we conclude that these differing environments are the primary factors modifying spectral weighting of different aryl-H configurations. While it is unlikely that the sample environment could change either the chemical configuration of the defect site or the oscillator strength of the optical transition, it could open nonradiative decay channels capable of quenching the PL emission. Similar substrate-induced PL quenching effects have been observed for the case of band-edge E 11 excitons. 34−37 Based on these studies, we conclude that, in the case of Figure 3a , the glass substrate, due to its more polar and charged environment, likely causes quenching of the emission of all the aryl-H configurations so that only the emission of the most abundant OrthoL 90 configuration remains observable. In the case of Figure 3c , a 160 nm polystyrene layer provides a degree of isolation from the glass substrate, such that sharp emission peaks beyond the 1190 nm band, due to the ParaL 90 , OrthoL 30 and ParaL −30 aryl-H configurations, become observable. The spread of PL peaks over almost the entire 1000−1350 nm spectral range in Figure 3e suggests that encapsulation of functionalized SWCNTs in polystyrene provides sufficient environmental isolation to observe all the possible defect-state transitions, as in the case of PFO-BPy wrapping.
Analyses on Shape and Width of Spectral Peaks. Comparing the emission peaks displayed in Figures 1 and 3 further shows that the shape and width of the spectral lines change dramatically with dielectric environment. In the case of PFO-BPy-wrapped aryl-functionalized SWCNTs, almost all the PL peaks are characterized by line widths <5 meV (Figure 4a) . Twenty of 50 PL peaks investigated already display resolutionlimited line width values of about 2 meV in these measurements that have been carried out with a low-resolution (1/8 m) spectrometer to cover the entire emission range of the functionalized SWCNTs (950−1350 nm) in a single spectrum. Thus, to further investigate the limits of defect-related line widths for the well-isolated PFO-BPy-wrapped SWCNTs, we repeated measurements for the 20 narrowest emission peaks using a high-resolution spectrometer system capable of ∼0.25 meV spectral resolution. These measurements revealed sharp defect emission peaks that can be fitted with a Lorentzian function and have Lorentzian line width as narrow as 0.278 meV with an average fwhm of ∼0.4 meV, as shown in Figure  4b . A plot of the fwhm values as a function of emission wavelength ( Figure S7a) shows no correlation between the two variables indicating that the exciton dephasing that dominates the contribution to the spectral line widths of the quantum defects is independent of the confinement energy in these cases.
A closer look at the line shape on a logarithmic scale reveals that almost all of the sharp lines from quantum defects in PFOBPy-wrapped SWCNTs show strong sidebands that reside predominantly on the low energy side of the zero-phonon line (ZPL), as shown exemplarily for three cases in Figure 4c −e (open dots). These peculiar line shapes have previously been observed in low-T PL spectra of E 11 band-edge excitons and can be simulated with a model that considers the interplay between localized excitons and localized acoustic phonons. 38−41 The solid lines in Figure 4c −e are simulated line shapes generated by applying this same model to the aryl-H defect-state emission. The exciton emission line shapes are calculated by taking the mirror image of the absorption spectrum, which itself is derived from the imaginary part of the Fourier transform of the linear susceptibility in response to a δ-shaped laser pulse. The model accounts for localization of both excitons and acoustic phonons, which we suggest is mediated by the copolymer backbone, as described in detail in our previous work on unfunctionalized PFO-BPy-wrapped SWCNTs. 40 Good agreement is found by varying the phonon confinement length in the range of 5−28 nm while keeping the exciton confinement length of 3.4−3.6 nm and the acoustic phonon barrier height of 1.3−1.5 meV nearly constant. The latter corresponds to the peak separation between the ZPL and the phonon wings. The exciton confinement length of 3.4−3.6 nm is also in good agreement with the ∼2.7−3.9 nm orbital distribution of the transition densities for the four lowest energy aryl-H configurations yielded by quantum chemistry computation ( Figure S5 ). This analysis demonstrates that this model not only is applicable to band-edge excitons (E 11 ) as in For comparison, a detailed analysis of the line widths of DOC-wrapped aryl-functionalized SWCNTs deposited directly on glass is shown in Figure 5a . While the spectral lines in the E 11 emission range (<1020 nm) appear relatively narrow (fwhm <5 meV), as expected for cryogenic experiments, all spectral lines in the 1080−1190 nm range of the Ortho L 90 transition are characterized with a fwhm >5 meV (average fwhm ∼10 meV). The line width vs emission wavelength plot ( Figure S7b ) again shows no correlation between these two parameters in the 1080−1190 nm range. These broad peaks stand in stark contrast to the narrow peaks observed for PFO-BPy-wrapped SWCNTs and suggest that the nonradiative and spectral diffusion processes introduced by the glass substrate partially quench and broaden the OrthoL 90 transition.
ACS Nano
It is interesting to note that the rather symmetric Lorentzian lines with significantly narrower fwhm's of 2−5 meV (Figure 3c and Figure S7b ) appear in the 1166−1250 nm spectral range when DOC-wrapped and functionalized SWCNTs are deposited onto 160 nm polystyrene. The narrow line widths of these peaks, likely originating from OrthoL 90 and ParaL 90 transitions, suggest that the polystyrene layer provides some degree of isolation from undesired spectral diffusion effects found for the glass substrate, 31 albeit still inferior to the isolation provided by PFO-BPy wrapping that results in submeV line widths. Complete encapsulation into top and bottom polystyrene layers in Figure 3e on the other hand results in significant broadening of PL peaks. In contrast to the case of SWCNT on glass (Figure 3a and Figure 5a ), the spectral peaks are highly asymmetric with broadening appearing mostly on the long wavelength side. Prior low-T PL studies of the E 11 bandedge exciton revealed that such asymmetric PL peaks result from merging of the acoustic phonon sideband and ZPL, which are separated by an energy gap in the case of PFO-BPywrapped tubes. The Ohmic model, proposed by Galland et al., 39 explains that this merging occurs because the localized exciton of the defect state dephases via interaction with unconfined, 1D acoustic phonons. The finding therefore suggests that the addition of the top polystyrene layer not only makes all the transitions of aryl-H quantum defects emissive but also may lead to enhancement of the exciton− acoustic phonon interaction and removal of acoustic phonon barriers that are responsible for the emergence of sharp symmetric spectral peaks.
Pump-Dependent Evolution of a Quantum Defect. Finally, we investigate the pump-dependent evolution of a quantum defect for a PFO-BPy-wrapped 3,5-dichlorobenzenefunctionalized SWCNT to evaluate the suitability as a quantum light source with good spectral purity. The data in Figure 6a show several transitions in the vicinity of the E 11 band-edge exciton, while the defect related emission around 1.07 eV appears as a solitary spectral line. Figure 6b shows that the emission intensities for both exciton species initially increase linearly at low pump power (<0.2 mW). At higher pump powers, the total intensity of the E 11 emission saturates moderately while the defect-state emission strongly saturates and even quenches at the highest pump powers. The latter effect can be caused either by photoinduced damage 42 or by quantum coupling of the defect-state exciton to higher energy excitons, similar to the behavior of quantum dot excitons that quench reversibly in favor of biexciton emission at highest pump power. 43 Importantly, despite more than 3 orders of magnitude increase in pump power, neither additional PL peaks from the high energy excited states nor background extending from the tail of the band-edge emission arises on the highenergy side of the PL peak of the quantum defect. As a result, the PL peak of the defect remains completely isolated, revealing that defect states in PFO-BPy-wrapped SWCNTs can maintain the emission characteristics of a 2 level system up to very high pump powers. In accordance with these findings, our recent second order photon correlation experiments on such quantum defects demonstrate room temperature single-photon emission with 99% purity (i.e., g (2) (0) < 0.01).
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CONCLUSIONS
Our previous study on oxygen-functionalized SWCNTs revealed that covalent attachment of ether and epoxide functional groups can occur in three different stable configurations: ether-l, ether-d and epoxide-l, each of which create distinct quantum defect states with optical emission at 1050, 1100, and 1280 nm, respectively (-l/-d represents the parallel/perpendicular alignments between C−O−C bonds and the tube axis). 7 Similarly, our present work suggests a more complex picture for monovalent aryl functionalization, which can yield six distinct aryl-H binding configurations. A qualitative correspondence between the computational results and the distribution of experimentally observed PL peaks indicates that these multiple binding configurations are the likely origin of our experimentally observed broad spectral diversity from the defect state PL. Furthermore, this diversity allows PL emission to span the telecom O-band (1260−1360 nm) and presents the possibility of extending even further to the 1.55 μm telecom Cband via the use of larger diameter SWCNTs. 17 These findings stand in contrast to the recent report that divalent aryl functional groups are necessary to create deep trap states emitting at wavelengths beyond 1190 nm for (6,5) SWCNTs. 13 The agreement we find between experimental results and quantum chemical modeling may thus serve as a starting point for understanding the diversity of reported solution PL spectra of sp 3 -functionalized SWCNTs. 11−14 In particular, preferential generation of specific, chemically distinct, binding configurations may likely be determined by controlling the interplay of nanotube chirality with specific SWCNT surface structures, providing a possible basis for devising strategies to direct binding to preselected configurations. Furthermore, our study shows that emission intensity as well as the shape and widths of spectral peaks of specific aryl-H configurations can be manipulated via environmental interactions. Ultimately, our study provides evidence that aryl functionalization can give rise to defect states with deeper spectral red-shifts and better emission characteristics (i.e., narrower line widths and better spectral isolation) compared to those of oxygen defect states.
METHODS
SWCNT Sample Preparation. Single-chirality (6,5) SWCNTs in 1% sodium deoxycholate (DOC) were prepared from CoMoCAT SG65i (Sigma-Aldrich) starting material by using a two-step aqueous two-phase extraction process. 44 PFO-BPy (poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6′)])-wrapped (6,5) SWCNTs were isolated in toluene suspensions by a separation method as described previously. 45, 46 Two types of functionalization processes were used to dope chirality-enriched SWCNTs. The first is a solution doping method established previously. 22, 26 DOC-wrapped (6,5) SWCNT samples are first exchanged into 1% (w/v) sodium dodecyl sulfate (SDS) by ultrafiltration. Fifty microliters of doping solution (0.1 mg/mL of 4-methoxybenzene diazonium salt in water) was then added to 1 mL of the SWCNT solution, adjusted to a concentration for which an optical density of ∼0.1 is obtained at the E 11 absorption peak. The reaction is monitored via PL spectroscopy and the progress is stopped after attaining the desired defect-state PL level by exchanging the samples into 1% (w/v) DOC. Functionalized DOC-wrapped (6,5) SWCNTs were spin-coated onto glass coverslips with three different configurations: (a) directly spin-coating on glass coverslips, (b) spincoating on glass coverslips coated by a 160 nm polystyrene layer, (c) SWCNTs are sandwiched between two layers of 160 nm polystyrene layer on glass coverslips. The second functionalization method is based on a dip-doping process and used on PFO-BPy-wrapped (6, 5) nanotubes. The SWCNTs are first spin-coated on a glass cover coated by a thin layer of polystyrene (∼160 nm). The substrate is then immersed in an aqueous solution of 3,5-dichlorobenzene diazonium (0.7 mg/mL in nanopure water) or exposed to a droplet of the same solution for 3−5 min. The doping process is stopped by putting the substrate into 1% (w/v) DOC for another 3 min. The substrate containing functionalized SWCNTs is then completely dried in air and ready for optical measurements. We note that this process was found to be not effective when 4-methoxybenzene diazonium was used as the dopant.
Low-Temperature Optical Measurements. Spectroscopic measurements were performed on a home-built microscope-PL system at temperatures between 3.9 and 5 K. Functionalized SWCNT samples were loaded into a continuous-flow liquid He cryostat (Oxford Instruments). A continuous-wave (CW) Ti:sapphire laser at 854 nm was used to excite (6, 5) SWCNTs at the E 11 phonon sideband with an average power of ∼2 μW. An infrared objective (Olympus) with NA = 0.65 and 50× magnification was used for laser illumination and collection of the PL signal. The laser beam is focused into the objective Figure 6 . (a) Pump-power-dependent PL spectra of a PFO-BPywrapped 3,5-dichlorobenzene-functionalized SWCNT. (b) PL intensity of the defect emission (blue) and E 11 band-edge exciton (black) integrated from the spectral bands highlighted in yellow. The yellow bars labeled 1−3 in (b) mark the pump powers where the spectra of (a) are acquired. The solid lines are given as guides for the eye. While PL of the band-edge emission intensity grows continuously with pump power, PL of the defect emission saturates and quenches at higher pump powers. Spectral line widths remain below 4 meV for all the pump powers. to achieve ∼40 μm diameter illumination area for the wide-field imaging mode. We used this mode to inspect whether the samples have the desired single tube density of not more than ∼1 nanotube/4 μm 2 as well as to discriminate between single tubes and tube bundles (the images of tube bundles are a few times larger in spatial extent than those of the individual ones). The PL spectra of selected single tubes were then excited and collected in confocal mode, in which the laser is focused to a diffraction-limited spot. The PL images and spectra were acquired with a two-dimensional InGaAs array camera and onedimensional InGaAs linear array detector, respectively.
Computational Methodology. The model systems for this study (Figure 2a) were constructed with finite-length SWCNT segments of three unit cells (∼12 nm) in length, terminated with hydrogen atoms at all edge positions to passivate dangling bonds. This size is much larger than the size of excitons (i.e., separation between an electron and a hole) in the (6,5) SWCNT. 47 Subsequently, considered tubes are long enough to eliminate the majority of artificial edge effects originating from a finite size of the nanotube. All quantum-chemical calculations were performed with the commercially available Gaussian09 software package. 48 Optimizations of the ground-and excited-state geometries were performed using DFT with the longrange corrected CAM-B3LYP functional 49 and STO-3G basis set. 50, 51 This methodology has been previously extensively applied to both pristine 52, 53 and functionalized 7, 54 SWCNTs, demonstrating good qualitative agreement with experimental data. For the OrthoL 30 case, geometry optimization was performed in the dielectric environment of solvents introduced by the conductor polarized continuum model. 55, 56 We observe that variation of the dielectric environment from heptane (ε = 1.9113) to water (ε = 78.3553) shows very little differences in the total energy or the structural characteristics. As such, all results presented here were computed using geometries optimized in vacuum. The reaction mechanism behind covalent functionalization with aryl diazonium reagents requires that a pair of chemical species tie up two electrons from the π-electron system of the carbon nanotube, attaching in close proximity at the same carbon ring to result in emission. 20, 21 In our aryl-H model, this pair includes 4-bromobenzene and hydrogen, resulting in 6 topologically unique binding configurations at the (6,5) SWCNT sidewall: three distinct Para and three Ortho configurations, which are identified according to the direction of aryl-H arrangement relative to the SWCNT lattice and labeled as L 30 , L 90 , and L −30 , where the subscript describes the approximate angle between a vector lying along the bond and the SWCNT axis, as illustrated in Figure 2a . For (6,5) SWCNTs, these angles are more precisely 27, 87, and −33°for L 30 , L 90 , and L −30 , respectively.
To test the expectation that the aryl-H structure is a reasonable model for describing defects associated with the more complex aryl derivatives used in the experiments, we also performed DFT calculations for an unsubstituted aryl group as a dopant. We note that the combined study of pristine aryl and 4-bromobenzene spans the electronegativity range of the 4-methoxybenzene and 3,5-dichlorobenzene used experimentally. In line with expectations, our calculations for (6,5) SWCNT functionalized by pristine aryl and hydrogen ( Figure S2 , Supporting Information) yield an energy level diagram essentially identical to that of 4-bromobenzene for all 6 binding configurations. We also recognize the potential for hydroxide to bind to the nanotube surface as an alternative to the proton in our aqueous environment. Substituting OH for H attached to the same carbon-ring of the nanotube as the 4-bromobenzene (resulting in aryl−OH configurations) provides negligible changes in the electronic structure of the functionalized (6,5) SWCNT ( Figure S3 , Supporting Information). Such insensitivity to the chemical composition of a functional group agrees with our previous computational study 54 of tip-functionalized (10,5) SWCNT, where we have found that variations in electron withdrawing/donating properties of the capping groups at the edges of finite size SWCNTs play a very minor role in changing the HOMO−LUMO gaps and optical spectra of systems. Overall these findings validate applicability of our aryl-H model for computational studies of defect states in covalently functionalized SWCNTs.
Time-dependent density functional theory calculations were performed with the same functional and basis set as was applied for ground-state geometry optimizations. Fifteen excited states were calculated to represent the absorption spectra in the range of 1000− 1400 nm. The energy of the emission state and its oscillator strength were calculated by using TD-DFT optimal geometry of the lowest energy excited state. Natural transition orbitals 57 were used to characterize the degree of delocalization of exciton wave function along the SWCNT in the region of the defect. The direct comparison of the calculated optical spectra with the respective experimental data is not practical because of the mismatch in the transition energies originating from three distinct reasons: (i) incomplete basis set of a relatively small size (here STO-3G), (ii) self-interaction error in the density functional (here CAM-B3LYP model), and (iii) confinement effect introduced by the finite size of the SWCNT segments (here 12 nm). All three factors lead to significant blue-shifts of transition energies compared to experiment, as has been already discussed in the literature. 52, 53 For our systems, the first two errors belong to the "methodology error" and are expected to identically affect all aryl-H configurations, independent of the position of the sp 3 -defect introduced by aryl functionalization of the SWCNT. In contrast, the third factor (called the confinement error) is expected to be sensitive to the degree of spatial delocalization of an exciton along the nanotube. Because localization of the lowest energy bright exciton around the defect site increases for aryl-H configurations exhibiting the most red-shifted optical transitions ( Figure S5 in Supporting Information), the confinement error varies across the binding configurations. Those excitons that are more strongly localized (e.g., ParaL −30 and OrthoL 30 configurations) have the smallest confinement error, whereas excitons that exhibit delocalization across the entire nanotube (e.g., ParaL 30 and OrthoL −30 configurations) are the most affected by the confinement. This trend is clearly seen in Figure S9a depicting the correlation between the tube's length (varying from 1 (∼4 nm) to 4 (∼16 nm) lattice units in length) and the energy of the lowest bright transition in aryl-H Para conformations.
As such, in order to match experimental data, an appropriate correction factor to the calculated transition energies should include two independent components: one is a constant shift across all systems accounting for the methodology error and one systemdependent component accessing the confinement error. The methodology error can be defined as a difference between the experimental energy of the main E 11 band of the pristine SWCNT and the extrapolated E 11 energy of an infinitely long nanotube model, resulting in the constant and uniform red-shift of 0.6675 eV (technical details are presented in Table S1 , Figure S9b , and discussed in Supporting Information). The confinement error introduced by the finite size of the SWCNT models depends on the exciton localization about the defect site and has to be introduced to varying degrees dependent on the red-shifts of defect-state emission energy (designated as E 11 *) in the aryl-H system with respect to the E 11 emission of the pristine nanotube, according to observables depicted in Figure S5 . To find this scaling factor, we correlate the energy of the lowest energy exciton, E 11 *(∞), of aryl-functionalized infinite SWCNT, estimated as Yintercepts from Figure S9a , with the energy difference between the E 11 emission of the pristine SWCNT and the E 11 * emission of aryl-H conformations using our finite 3-unit cell nanotube model. This dependence shown in Figure S9b demonstrates a nearly linear behavior with a slope (∼0.5945) corresponding to the scaling factor defining the confinement error. As such, the scaled emission energies corrected for both the methodology error and the confinement error satisfy the following equation: 
Substituting the calculated emission energies of the functionalized and pristine SWCNTs of 3 lattice units in length used in our calculations (Table S1 ) and the experimental value of E 11 exp = 1.2498 eV of the main E 11 emissive peak to eq 1, one can get the scaled emission energies that can be directly compared with experimental data.
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